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(G) Silicon carbide fiber reinforced carbon composites. 



i The present invention provides an article comprising a plurality of silicon carbide containing fibers in 
an inhibited carbon matrix. 

The present invention also provides a shaped material for structural applications comprising a 
pJurahty of silicon carbide containing fibers in a carbon matrix formed by impregnating said fibers with 
an organic resin and staging to form a prepreg. shaping and curing said prepreg to form a laminate 
carbonizing said shaped laminate to form a carbonized part, and densrfying said carbonized part by 
chemical vapor infiltration to form a component. ' ~ 

The present invention further provides a process for producing a reinforced component comprising * 

(a) impregnating a plurality of silicon carbide fibers with an oxidation inhibiting filler-containinq 
organic resin. a 

(b) staging said impregnated fibers to partially cure said resin to form a prepreg, 

(c) shaping and curing said prepreg to form a laminate, 

(d) converting said resin in the laminate to carbon to form a carbonized part, 

(e) densifying said carbonized part by chemical vapor infiltration to form the component 
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FIELD OF THE INVENTION 

The present invention relates to silicon carbide/carbon composites (SiC/C) in which SiC fibers are placed 
within a carbonaceous matrix to yield light weight materials with high strength, thermal stability, toughness and 
5 oxidation resistance. 

BACKGROUND OF THE INVENTION 

Refractory, oxidation resistant silicon carbide reinforced composites are most commonly made by the 
10 chemical vapor infiltration of silicon carbide (SiC) fiber preforms with silicon carbide. Also known are reaction 
bonding and hot-pressing/sintering methods of preparation. 

Chemical vapor infiltration (CVI) techniques utilizing SiC have several limitations. Firstly, temperature 
and/or pressure gradients, which place inherent limitations on the fabrication of parts with complex shapes and 
geometries, are often employed in order to achieve acceptable densification. Secondly, the method is limited 
15 to relatively low fiber volumes (less than 45%) and specific fiber architectures. Thirdly, fiber coatings, which 
add cost and may be prone to oxidation, are often used in order to obtain strength and toughness. 

Reaction bonding and hot-pressing/sintering methods have similar problems. Reaction bonding methods 
require the use of very high temperatures which may degrade the SiC fibers. Good strength and toughness 
are difficult to achieve by reaction bonding without the use of fiber coatings. Hot-pressing techniques also 
20 require the use of very high temperatures and place severe limits on the fabrication of complex shapes. 

SUMMARY OF THE INVENTION 

The present invention allows for the net shape production of large, complex structures which are strong, 
25 tough, oxidation resistant and maintain their mechanical properties at high temperatures, even in excess of 
2000°F. 

The present invention provides an article comprising a plurality of silicon carbide containing fibers in an 
inhibited carbon matrix. 

The present invention also provides a shaped material for structural applications comprising a plurality of 
30 silicon carbide containing fibers in a carbon matrix formed by impregnating said fibers with an organic resin 
and staging to form a prepreg, shaping and curing said prepreg to form a laminate, carbonizing said shaped 
laminate to form a carbonized part, and densifying said carbonized part by chemical vapor infiltration to form 
a component. 

The present invention further provides a process for producing a reinforced component comprising: 
35 (a) impregnating a plurality of silicon carbide fibers with an oxidation inhibiting filler-containing organic resin, 

(b) staging said impregnated fibers to partially cure said resin to form a prepreg, 

(c) shaping and curing said prepreg to form a laminate, 

(d) converting said resin in the laminate to carbon to form a carbonized part. 

(e) densifying said carbonized part by chemical vapor infiltration to form the component. 

40 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a thermal expansion graph demonstrating the change in length divided by the length times 
1x1 0- 3 versus temperature for various materials including SiC/C composites according to the present invention. 
45 Figure 2A is a graph demonstrating the weight change experienced over time by an uncoated, inhibited 

matrix SiC/C composite according to the present invention versus an uncoated, inhibited matrix carbon/carbon 
composite aged in air at 1200°F. 

Figure 2B is a graph demonstrating the weight change experienced over tme by an uncoated, inhibited mat- 
rix SiC/C composite according to the present invention versus an uncoated, inhibited matrix carbon/carbon 
50 composite aged in air at 2200°F. 

Figure 3 is a graph demonstrating the weight change experienced overtime by an uncoated, inhibited matrix 
SiC/C composite according to the present invention at various temperatures. 

Figure 4 is a graph demonstrating the weight change in air experienced over time by a coated, inhibited 
matrix SiC/C composite according to the present invention. 
55 Figure 5 is a graph demonstrating the residual properties of an uncoated, inhibited matrix SiC/C composite 

according to the present invention after exposure in air at 2200°F. 

Figure 6 is a graph demonstrating the residual properties of a coated, inhibited matrix SiC/C composite 
according to the present invention after cyclic oxidation testing. 
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Figure 7 is a graph demonstrating the residual properties of a coated, inhibited matrix SiC/C composite 
with a fiber coating according to the present invention, after cyclic oxidation testing. 

DETAILED DESCRIPTION OF THE INVENTION 

5 

The present invention provides lightweight, strong, tough, and oxidation-resistant composites which main- 
tain their properties even after prolonged high-temperature exposure. The SiC reinforced composites of this 
invention are particularly useful in those applicatins which require materials capable of withstanding high stres- 
ses at temperatures up to 1400°C. The net shape fabricability and the ability of the composites to be processed 
10 unrestrained permits the production of parts with a wide variety of sizes, shapes and configurations. 

Examples of utility for such SICfC composites are structural components for aero engines such as flaps, 
seals, and liners; turbine rotors and structural parts for hypersonic vehicles such as bolts, fasteners, skins and 
leading edges. The SiC/C composites of the present invention may also be used as thermal protection mate- 
rials, such as thermal protection anchorage panels. 
15 The process for manufacturing the SiC/C composites of the present invention is as follows. Continuous 

SiC ceramic fibers are impregnated with a thermosetting resin containing fillers. The fibers are then staged in 
an oven at about 40°-120°C to remove solvents and partially cure the resin. The staged fibers are cut, laid-up 
as desired, and prepared for molding. The fibers can be molded in an hydraulic press or in an autoclave by 
conventional procedures for curing phenolic or epoxy laminates. The molded part is then heat-treated at terrv 
20 peratures from about 800-1 400°C in an inert environment to convert the organic matrix to carbon. The car- 
bonized part is then subjected to a carbon CVI for densification. 

SiC fibers usable in this invention include, but are not limited to, Nicalon, Nippon Carbon's SiC filament; 
Tyranno. Ube Industries* SiC filament; HPZ, Dow Comings' Si-C-N filament; Fiberamic. Rhone-Poulenc f s Si- 
C-N filament; Carborundum's polycrystalltne SiC filament; Sigma fiber, British Petroleum's SiC monofilament; 
25 and SCS-6, Textron's SiC monofilament. They may take the form of doth, chopped cloth, yarn, chopped yarn, 
and tape. SiC yarns may be woven into desired shapes by braiding or by multidirectional weaving. 

Impregnation of the fibers can take place before or after weaving. The yam, cloth, and/or tape may be laid 
flat on a tool and stacked to form a layered reinforcement with the fibers aligned in one or in several directions 
in the lamina plane. The yarn, cloth, and/or tape may be wrapped or wound around a mandrel to form a variety 
30 of shape and reinforcement orientations. Fiber volumes in the laminate can range from about 10 to about 60% 
but preferably range from about 35 to about 50%. By utilizing impregnated cloths and the like, it is possible to 
produce structures of complex shapes with a very high degree of fiber orientation and alignment 

The slurries used to impregnate the fibers comprise phenolic, epoxy, or furan resins containing dispersed 
filler(s). Representative phenolics include, but are not limited to, those supplied under the trademark SC1008 
35 by Borden Inc. and 134A by Ironsides Inc. Representative epoxies include, but are not limited to, those supplied 
by Shell Chemical Company under the trademarks Epon 820 and Epon 828. Representative furans include, 
but are not limited to. those supplied by Q. O. Chemicals Inc. under the trademarks UP 520 and LP 520. 

The filler(s) used include, but are not limited to, carbon, boron, boron carbide, boron nitride, silicon, silicon 
carbide, silicon nitride, silicon tetraboride, silicon hexaboride, titanium diboride, and zirconium diboride, either 
40 alone or in combination. Filler volumes in the composite can range from about 2% to about 25%. 

The carbon matrices of the composites of the present invention preferably contain fillers that act as inhibi- 
tors to improve oxidation resistance. These include silicon, boron and the boron containing fillers mentioned 
above, as well as other boron containing compounds such as refractory metal borides, including those of haf- 
nium, vanadium, niobium, tantalum, chromium, molybdenum and tungsten. Volumes of inhibitor in the matrix 
45 may range from 2% to 25%. 

The heat-treatment schedule used to carbonize the organic resin must be slow enough so as not to gen- 
erate volatiles within the part too quickly, which could cause delaminations. The temperature must be suffi- 
ciently high to convert the resin to predominantly carbon without thermally degrading the reinforcing fibers. 
Typically, molded parts are brought from ambient to 1 000-1 300°C in 50-250 hours. 
50 Chemical vapor infiltration (CVI) is conducted after the composites undergo carbonization, or pyrolysis. 

One or more infiltrations are required for optimum strength and oxidation resistance. The first CVI is preferably 
with carbon; subsequent CVI's can be carried out with carbon or SiC, but at least one CVI should be with carbon. 
Carbon CVI may be conducted with low molecular weight alkanes or alkenes such as methane, ethane, pro- 
pane, propene. or mixtures thereof such as natural gas at about 800°-1200°C and a pressure of about 5 to 50 
55 torr. SiC CVI may be conducted with methane and silane such as silicon tetrachloride, or with an organosilane 
such as methyitrichlorosilane, dimethyldichlorosilane, methyldichlorosilane or their mixtures at about 900°- 
1200°C and a pressure of about 2-200 torr. 

Carbon, boron nitride, or other coatings can be applied to the fibers to improve the composite's strength 
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and toughness. The coatings should be of a low modulus material layer that can interrupt crack propogation 
from the matrix into the fiber. Fiber coatings can be applied by chemical vapor deposition, electrochemical, wet 
chemical, or slurry methods. The fiber coating may be applied directly to the yarn and/or fabric before it is impre- 
gnated or in situ after the composite has been heat treated (carbonized). 

5 Ceramic coatings can be applied to components made from the composites of this invention. Useful coat- 

ings include: silicon, silicon carbide, silicon nitride, silicon triboride, silicon tetraboride, silicon hexaboride, boron 
carbide, and oxides such as aluminum phosphate, aluminum silicates, or borosiiicates, and combinations of 
the above. Preferred is a silicon carbide coating and other coatings having a coefficient of thermal expansion 
match with the silicon carbide containing fibers. Figure 1 demonstrates the close match in thermal expansion 

10 of inorganic coatings with SiC/C composites as compared to C/C composites. Methods used to apply the above 
coatings may include known chemical vapor deposition, physical vapor deposition, plasma or flame spraying, 
solgel and slurry methods. 

SiC/C composites according to the present invention have yielded materials with chemical and mechanical 
properties that would not be expected by those well versed in the material science field. Typical mechanical 

15 properties of the 2D (reinforced in 2 dimensions) SiC/C materials are shown in Table 1 . The interlaminar tensile 
strength of composites of this invention have exceeded 4000 PSI and the interlaminar shear strength has 
exceeded 7000 PSI. These values are at least twice that of 2D carbon/carbon (C/C) composites. The interlami- 
nar shear strengths of these composites are greater than any prior carbon or SiC CVI densifled composites of 
which we are aware. The notched izod impact strengths, which are commonly used to gauge toughness, have 

20 often exceeded 3 ft-lbs/in. indicating these composites are 10-100 times more resistant to catastrophic failure 
than monolithic ceramics. 

The oxidation resistance of the materials of the present invention is significantly greater than the best inhi- 
bited C/C materials and in many instances better than SiC/SiC composites having fibers with carbon coatings. 
The inherent oxidation resistance of the inhibited matrix composites is exemplified by the retention of over 75% 
25 of their flexural strength after 1 00 hours of exposure in air at 2200°F, as shown in Table 1 . Uninhibited as well 
as inhibited matrix SiC/C composites demonstrate mechanical properties suitable for structural applications. 
Enhanced oxidation resistance may be imparted to these composites by the use of coatings, discussed above. 

30 Table 1 

Mechanical Properties of SiC/C Composites 



45 



Type 


2200°Exposure 
Time in Air 
(Hours) 


Tensile 
Strength 
(KSI) 


Flexural 
Strength 
(KSI) 


Inter] 
Tension 
(PSI) 


.aminar 
Shear 
(PSI) 


Izod 
Impact 
Strength 
Ft-Lbs/In 


A 


None 


30 


44 


3200 


6500 


1.5 


B 


100 


27 


3* 


1920 


6200 




C 


None 


40 


60 


2900 


5600 


3 


D 


None 


45 


62 


3200 


4900 


10 


E 


None 


51 


72 


3200 


6000 


8.5 



A - Inhibited SiC/C (boron carbide filler) 
24 B - Inhibited SiC/C (boron carbide filler) 

C - Moderately Inhibited SiC/C 

(carbon and boron carbide fillers) 
D - Uninhibited SiC/C (carbon filler) 

E - Coated-Fiber Inhibited SiC/C (boron carbide filler) 

55 

Although the precise phenomena responsible for the extraordinary properties displayed by these compo- 
sites are not known, from our analysts we have theorized several contributing factors. The high interlaminar 
properties are believed to result from the substantial amount of infiltrated pyrolytic carbon present in and around 
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the SiC fiber bundle. The pyrolytic carbon may lock the fibers into the matrix and enhance load transfer without 
bonding so strongly to the fibers as to cause brittle behavior. The favorable match in the modulus and thermal 
expansion of the SiC fiber and the pyrolytic carbon may be a factor that results in reduced matrix cracking during 
fabrication and thermal cycling. The resistance to oxidation shown by the composites of this invention can be 
attributed to the formation of a glassy layer, or oxide scale, on the surface of the composite which protects the 
carbon phases within the matrix upon high temperature exposure to oxygen. For example, when boron carbide 
is used as a filler for the resin, a borosilicate layer has been observed. When a metal boride is utilized, the 
layer may include a borosilicate of that metal. 



10 Examples 
Example 1 



One sheet of 40-inch by 39-inch Nicalon 8 harness satin fabric was impregnated with 571 g of a slurry cen- 
ts sisting of 16% carbon powder, 50% Ironsides 134A (phenolic resin) and 33.3% ethanol. The sheet was placed 
in a circulating oven and staged for 60 minutes at 180°F. The staged fabric was then cut into twelve 12-inch 
by 13-inch plies and then stacked in a manner such that all of the warp fibers were aligned. The plies were 
then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet. The part was 
then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autoclave was pressurized 
20 to 150 PSI, brought to 310°F within 4 hours and held at 310°F for an additional 3 hours. The autoclave was 
then cooled and the consolidated plies were removed. The composite was then placed in a furnace and brought 
to 1000°F in 260 hours in nitrogen. The partially carbonized panel was then removed and placed in another 
furnace and brought to 1850°F in 15 hours in argon. The carbonized panel was then infiltrated once with pyroly- 
tic carbon via a CVI process. The resulting SiC/C composite possessed an average interiaminar shear strength 
25 of 2600 PSI, an interiaminar tensile strength of 600 PSI, and a flexural strength of 37 KSI. 

Example 2 



Ten sheets of 18-inch by 9.5-inch Nicalon 8 harness satin fabric were impregnated with 820g of a slurry 
30 consisting of 11% amorphous boron powder. 49% Ironsides 134A (phenolic resin), and 40% ethanol. The 
sheets were then placed in a circulating oven and staged for 60 minutes at 180°F and 30 minutes at 200°F. 
The staged plies were then stacked in a manner such that all of the warp fibers were aligned. The plies were 
then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet The part was 
then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autoclave was pressurized 
35 to 150 PSI. brought to 310°F within 4 hours and held at 310°F for an additional 3 hours. The autoclave was 
then cooled and the consolidated plies were removed. The composite was then placed in a furnace and brought 
to 1000°F in 260 hours in nitrogen. The partially carbonized composite was removed and placed in another 
furnace and brought to 1850°F over a 15 hour period in an argon environment to complete the carbonization 
process. The carbonized panel was then infiltrated 2 times with pyrolytic carbon via a CVI process. The resulting 
40 inhibited SiC/C composite possessed an average interiaminar tensile strength of 2300 PSI and a flexural 
strength of 23 KSI. 



Example 3 



One sheet of 21-inch by 39-inch Nicalon 8 harness satin fabric was impregnated with 310g of a slurry con- 
sisting of 13.2% boron carbide powder. 37.8% Ironsides 134A (phenolic resin), and 49.0% ethanol. The sheet 
was then placed in a circulating oven and staged for 60 minutes at 180°F. The staged fabric was then cut into 
eight 10-inch by 10-inch plies and then stacked in a manner such that all of the warp fibers were aligned. The 
plies were then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet. The 
part was then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autoclave was 
pressurized to 150 PSI, brought to 310°F within 4 hours and held at 310«F for an additional 3 hours. The auto- 
clave was then cooled and the consolidated plies were removed. The composite was then placed in a furnace 
and brought to 1850°F in 184 hours in argon. The carbonized panel was then infiltrated 2 times with pyrolytic 
carbon via a CVI process. The resulting inhibited SiC/C composite possessed an average interiaminar shear 
strength of 7200 PSI. an interiaminar tensile strength of about 3500 PSI. a flexural strength of 40 KSI. and a 
notched izod impact strength of about 2 ft-lbs/inch. Coupons from this panel were found to retain over 75% 
over their flexural properties after 100 hours of exposure in air at 2200°F. 
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Example 4 



One sheet of 21 -inch by 39-inch Nicaion 8 harness satin fabric was impregnated with 345g of a slurry con- 
sisting of 14.2% silicon hexaboride powder, 35.7% Ironsides 134A (phenolic resin), and 50.1% ethanol The 
sheet was then placed in a circulating oven and staged for 60 minutes at 180°F. The staged fabric was then 
cut into eight 1 0-inch by 1 0-inch plies and then stacked in a manner such that all of the warp fibers were al igned 
The plies were then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet' 
The part was then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autoclave 
was pressurized to 150 PSI, brought to 310«F within 4 hours and held at 310°F for an additional 3 hours The 
autoclave was then cooled and the consolidated plies were removed. The composite was then placed in a fur- 
nace and brought to 1 850«F in 1 84 hours in argon. The carbonized panel was then infiltrated 2 times with pyroly- 
tic carbon via a CVI process. The resulting inhibited SiC/C composite possessed an average interiaminar shear 
strength of 2800 PSI, an interiaminar tensile strength of 2100 PSI, and a flexural strength of 25 KSI. 

Example 5 



One sheet of 16-inch by 39-inch and one sheet of 16-inch by 7.5 inch Nicaion 8 harness satin fabric were 
impregnated with 266g of a slurry consisting of 8.8% boron carbide powder, 6.3% carbon powder. 50.2% Iron- 
sides 134A (phenolic resin), and 34.6% ethanol. The sheets were then placed in a circulating oven and staged 
for 60 minutes at 180°F. The staged sheets were then cut into 7.5-inch by 7.5-inch plies which were stacked 
in an alternating pattern such that half of the warp fibers were aligned in the *x" direction and the other half 
were aligned perpendicular to the "x w direction. The plies were then sandwiched between two metal plates and 
sealed in a plastic bag with an exhaust outlet. The part was then placed in an autoclave and the exhaust outlet 
was connected to a vacuum. The autoclave was pressurized to 150 PSI, brought to 310°F within 4 hours and 
held at 310°F for an additional 3 hours. The autoclave was then cooled and the consolidated plies were 
removed. The composite was placed in a furnace and brought to 1850°F in 184 hours in argon. The carbonized 
panel was then infiltrated once with pyrolrtic carbon via a CVI process. The resulting inhibited SiC/C composite 
possessed an average interiaminar tensile strength of 2900 PSI, an interiaminar shear strength of 5600 PSI, 
a flexural strength of 63 KSI. and a notched izod impact strength of over 3 ft-lbs/inch. 

Example 6 



One sheet of 21-inch by 39-inch Nicaion 8 harness satin fabric was impregnated with 272g of a slurry con- 
sisting of 11.2% boron carbide powder. 34.1% Ironsides 134A (phenolic resin) and 54.7% ethanol. the sheet 
was then placed in a circulating oven and staged for 60 minutes at 180°F. The staged sheet was cut into 10-inch 
by 10-inch plies and the plies were then stacked in a manner such that all of the warp fibers were aligned. The 
plies were then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet. The 
part was then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autoclave was 
pressurized to 150 PSI, brought to 310°F within 4 hours and held at 310°F for an additional 3 hours. The auto- 
clave was then cooled and the consolidated plies were removed. The composite was then placed in a furnace 
and brought to 1 850°F in 184 hours in argon. The carbonized panel was then infiltrated once with pyrolytic car- 
bon via a CVI process. The resulting inhibited SiC/C composite possessed an average interiaminar shear 
strength of 5600 PSI. an interiaminar tensile strength of 2500 PSI, a flexural strength of 54 KSI. and a notched 
izod impact strength of 2 ft-lbs/inch. 



Example 7 



One sheet of 20-inch by 39-inch Nicaion 8 harness satin fabric was impregnated with 278g of a slurry con- 
sisting of 1 0.7% carbon powder, 53.3% Ironsides 1 34A (phenolic resin) and 36.0% ethanol. The sheet was then 
placed in a circulating oven and staged for 60 minutes at 180°F. The staged sheet was then cut into 10-inch 
by 10-inch plies and the plies were stacked in a manner such that all of the warp fibers were aligned. The piles 
were then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet The part 
was then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autoclave was press- 
urized to 150 PSI, brought to 310°F within 4 hours and held at 310°F for an additional 3 hours. The autoclave 
was then cooled and the consolidated plies were removed. The composite was then placed in a furnace and 
brought to 1850°F in 184 hours in argon. The carbonized panel was then infiltrated once with pyrolytic carbon 
via a CVI process. The resulting SiC/C composites possessed an average interiaminar shear strength of about 
5500 PSI, an interiaminar tensile strength of 3700 PSI. an in-plane tensile strength of 52 KSI, a flexural strength 
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of 70 KSI, and a notched izod impact strength of 10 ft-lbs/inch. 
Example 8 

5 A sheet of 4.5-inch by 40-inch Nicalon 8 harness satin fabric was impregnated with 65.2g of a slurry con- 

sisting of 14.8% silicon powder, 13.5% silicon carbide powder, 0.5% amorphous boron powder, 30.6% Shell's 
Epon 828 with a boron trifluoride catalyst (epoxy resin), and 40.6% methyl ethyl ketone. The sheets were then 
placed in a circulating oven for 60 minutes at 200°F. The staged sheet was then cut into eight 4.5-inch by 4.5- 
inch plies. The plies were stacked in a manner such that ail of the warp fibers were aligned. The plies were 

10 then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet. The part was 
then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autodave was pressurized 
to 280 PSI, brought to 350°F within 1 hour and held at 350°F for an additional hour. The autoclave was then 
cooled and the consolidated plies were removed. The composite was then placed in a furnace and brought to 
1500°F in 72 hours in argon. The partially carbonized panel was then heat-treated to 2200°F in 10 hours in 

is argon. The carbonized panel was then infiltrated with pyrolytic carbon and then subjected to an additional he- 
at-treatment up to 2575°F within 10 hours. The panel then underwent an additional CVI with carbon followed 
by a CVI with SiC. The resulting inhibited SiC/C composite possessed an intertaminar tensile strength of 1 100 
PSI, and a flexural strength of 12 KSI. 

20 Example 9 

Two sheets of 5-inch by 6-inch Dow Coming's HPZ 8 harness satin fabric were impregnated with 7.6g of 
a slurry consisting of 14.5% boron carbide powder, 46.1% Ironsides 134A (phenolic resin), and 39.5% ethanol. 
The sheets were then placed in a circulating oven and staged for 30 minutes at 180°F. The staged plies were 

25 then stacked in a manner such that all of the warp fibers were aligned. The plies were then sandwiched between 
two metal plates and sealed in a plastic bag with an exhaust outlet. The part was then placed in an autoclave 
and the exhaust outlet was connected to a vacuum. The autoclave was pressurized to 1 50 PSI, brought to 31 0°F 
within 4 hours and held at 310°F for an additional 3 hours. The autoclave was then cooled and the consolidated 
plies were removed. The composite was then placed in a furnace and brought to 1850*F in 184 hours in argon. 

30 The carbonized panel was then infiltrated once with pyrolytic carbon via a CVI process. The resulting inhibited 
SiC/C composite possessed an intertaminar tensile strength of 1900 PSI, and a tensile strength of 13 KSI. 

Example 10 

35 One sheet of 21-inch by 39-inch Nicalon 8 harness satin fabric was impregnated with 409g of a slurry con- 

sisting of 31.1% titanium diboride powder. 37.3% Ironsides 134A (phenolic resin), and 31.7% ethanol. The sheet 
was then placed in a circulating oven and staged for 60 minutes at 180°F. The staged fabric was then cut into 
eight 10-inch by 10-inch plies and the plies were then stacked in a manner such that all of the warp fibers were 
aligned. The plies were then sandwiched between two metal plates and sealed in a plastic bag with an exhaust 

40 outlet. The part was then placed in an autoclave and the exhaust outlet was connected to a vacuum. The auto- 
clave was pressurized to 150 PSI, brought to 310°F within 4 hours and held at 310°F for an additional 3 hours. 
The autoclave was then cooled and the consolidated plies were removed. The composite was then placed in 
a furnace and brought to 1850°F in 184 hours in argon. The carbonized panel was then infiltrated 2 times with 
pyrolytic carbon via a CVI process. The resulting inhibited SiC/C composite possessed an average intertaminar 

45 shear strength of 3800 PSI. an intertaminar tensile strength of 1000 PSI, and a flexural strength of 27 KSI. 

Example 11 

Three sheets of 3.8-inch by 6.3-inch 8 harness satin fabric woven from Carborundum's poly crystal line SiC 
so fibers were impregnated with 84g of a slurry consisting of 7.4% boron carbide powder, 5.2% carbon powder, 
41.9% Ironsides 134A (phenolic resin), and 45.5% ethanol. The sheets were placed in a circulating oven and 
staged for 60 minutes at 180°F. The staged sheets were then cut in three 2.8-inch by 6.2 inchplies and three 
0.9-inch by 6.2-inch plies and then stacked in a manner such that all of the warp fibers were aligned with the 
three narrower pieces butted together to form a fourth 2.8-inch by 6.2-inch ply. The plies were then sandwiched 
55 between two metal plates and sealed in a plastic bag with an exhaust outlet. The part was then placed in an 
autoclave and the exhaust outlet was connected to a vacuum. The autoclave was pressurized to 150 PSI, 
brought to 310°F within 4 hours and held at 310°F for an additional 3 hours. The autoclave was then cooled 
and the consolidated plies were removed. The composite was then placed in a furnace and brought to 1850°F 
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in 184 hours in argon. The carbonized pane! was then infiltrated once with pyrolytic carbon via a CVI process. 
The resulting inhibited SiC/C composite possessed an inteiiaminar tensile strength of 600 PSI, and a flexural 
strength of 15 KSI. 

Example 12 

One sheet of 40-inch by 39-inch Tyranno 8 harness satin fabric was impregnated with 559g of a slurry con- 
sisting of 15.1% boron carbide powder, 45.9% Ironsides 134A (phenolic resin), and 39.0% ethanol. The sheet 
was then placed in a circulating oven and staged for 60 minutes at 180°F. The staged fabric was then cut into 
eight 10-inch by 10-inch plies which were stacked in an alternating pattern such that half of the warp fibers were 
aligned in the V direction and the other half were aligned perpendicular to the "x" direction. The plies were 
then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet. The part was 
then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autoclave was pressurized 
to 150 PSI, brought to 310«F within 4 hours and held at 310°F for an additional 3 hours. The autoclave was 
then cooled and the consolidated plies were removed. The composite was then placed in a furnace and brought 
to 1850°F in 184 hours in argon. The carbonized panel was then infiltrated 2 times with pyrolytic carbon via a 
CVI process. The resulting inhibited SiC/C composite possessed an average interlaminar shear strength of 
4300 PSI t an interlaminar tensile strength of 2500 PSI. and a flexural strength of 31 KSI. 

Example 13 

Eight 10-inch by 10-inch sheets of Nicalon 8 harness satin fabric were subjected to a 20-hour carbon CVD 
with methane in order to form a 0.8 micron pyrolytic carbon coating around each filament. The sheets were 
then impregnated with 336g of a slurry consisting of 13.2% boron carbide powder, 37.8% Ironsides 134A 
(phenolic resin), and 49.0% ethanol. The sheets were then placed in a circulating oven and staged for 60 
minutes at 180°F. The staged sheets were stacked in a manner such that all of the warp fibers were aligned. 
The plies were then sandwiched between two metal plates and sealed in a plastic bag with an exhaust outlet. 
The part was then placed in an autoclave and the exhaust outlet was connected to a vacuum. The autoclave 
was pressurized to 150 PSI, brought to 310°F within 4 hours and held at 310°F for an additional 3 hours. The 
autoclave was then cooled and the consolidated plies were removed. The resulting composite was then placed 
in a furnace and brought to 1850°F in 184 hours in argon. The carbonized panel was then infiltrated 2 times 
with pyrolytic carbon via a CVI process. The resulting inhibited SiC/C composite possessed an average inter- 
laminar shear strength of 5450 PSI, an interlaminar tensile strength of 3400 PSI, a tensile strength of 56 KSI, 
a flexural strength of 76 KSI, and a notched izod impact strength of 6.8 ft-lbs/inch. 

Properties of SiC/C composites produced according to representative examples above are demonstrated 
in Table 2 below. 
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Table 2 
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Example 3 
Inhibi ted 


Example 13 
Inhi bi ted 


Example 7 

uiiiiiiiioi ICQ 


10 


Orientation 
Fiber Volume (X) 


Varp 
Aligned 
45.0 


Varp 
Aligned 
39 .8 


Varn 

Aligned 


Bulk Density (g/cc) 
In-Plane CTE (ppm/°F) 


2.04 
7.1 


1 . 98 


1 QQ 


15 


Tensile Strength (ksi) 


28.2 


56. 3 


J^. - 1 




Tensile Modulus (msi) 


11.6 


8 . 1 


Q Q 




Compressive Strength (ksi) 


74.1 


70.6 


67. 3 


20 


Compressive Modulus (msi) 




9.1 


10. 1 




Interlaminar Shear S trength( ps i ) 


7210 


5450 


5460 




Cross-Ply Tensile Strength (psi) 


3460 


3400 


3700 


25 


Izod Impact Strength (ft-lb/in) 


1.8 


6.8 


10.0 



The SiC/C composites of this invention therefore have significant advantages over conventional ceramic 
30 composites. Utilization of an inhibited carbon matrix provides all of the advantages that carbon has over ceramic 
matrices, such as thermal stability, elasticity and fabricability. while overcoming carbon's disadvantage—that 
of poor oxidation resistance. Figures 2A and 2B demonstrate the elevated temperature, oxidation resistance 
advantage of even uncoated t inhibited SiC/C composites versus uncoated. inhibited C/C composites in high 
temperature air aging tests. Weight loss is significantly reduced for SiC/C at temperatures of about 1200°F and, 
35 even more dramatically, shows a plateauing effect at less than 5% loss at 2200°F after about a one-hour expos- 
ure. 

Figure 3 further demonstrates the high temperature, oxidation resistant stability of the SiC/C composites 
according to the present invention. The precentage weight change of the uncoated, inhibited matrix SiC/C com- 
posite produced in Example 3 is demonstrated after aging in air at various temperatures from 1200°F to 2500°F. 
40 Figure 4 demonstrates the negligible weight change experienced by four specimens of inhibited matrix SiC/C 
composites according to the present invention, which include a siliconized SiC coating, after cyclic oxidation 
of up to 300 hours. The oxidation cyde utilized was two hours at 2200°F. 18 hours at 1200°F and 16 hours at 
95°F and 95% humidity. A silicon nitride coated inhibited matrix SiC/C composite also showed negligible weight 
change after a cyclic oxidatin test of 200 hours in which the cycle was 2.5 hours at 2500°F. 2.5 hours at 2000°F, 
45 10 hours at 1500° F and 10 hours at 1200°F. 

Figures 5-7 demonstrate the properties which remain after extended testing of Nicalon SiC fiber reinforced 
carbon composites molded by autoclave and densrfied by carbon CVI. 

Figure 5 shows the retention of significant percentages of the initial values of tensile strength (TENS STR), 
tensile modulus (TENS MOD), flexural strength (FLEX STR), interlaminar shear strength (ILS) and interlaminar 
so tensile strength (ILT) for an uncoated, inhibited matrix SiC/C composite. 

Figure 6 shows the excellent retention of such properties, by an inhibited matrix, SiC/C composite coated 
with siliconized silicon carbide, after 500 hours of a cyclic oxidation test in which the cycle was 2 hours at 
2200°F. 18 hours at 1200°F, and 16 hours at 95°F and 95% Relative Humidity. 

Figure 7 shows the excellent retention of such properties, by an inhibited matrix, carbon coated SiC fiber 
55 reinforced carbon composite coated with siliconized silicon carbide, after 200 hours of the cyclic oxidation test 
described for Figure 6 above. 

The inhibited SiC/C composites we have developed can be fabricated into large, complex shapes. Green 
composite fabrication can be carried out by traditional glass/epoxy molding techniques well known to the aeros- 
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20 



25 



35 



40 



50 



pace industry. Although C/C composites ca be manufactured in a similar manner, they do not offer the high 
degree of oxidation resistance displayed by the inhibited SiC/C materials. Additionally, SiC/C composites are 
more compatible with ceramic coatings than C/C composites of similar strength, and have greater compressive 
and interiaminar properties than C/C composites. 

It is apparent that the inventive process and materials provide an advancement in the art as described 
above. The foregoing examples and descriptions are meant to illustrate and not limit the invention, which 
includes all modifications and variations that fall within the scope of the following claims and their equivalent 
embodiments 



Claims 

1. An article comprising a plurality of silicon carbide containing fibers in an inhibited carbon matrix. 
15 2. The article of claim 1 wherein said carbon matrix contains silicon, boron or a boron containing compound. 

3. The article of claim 2 wherein said boron containing compound is selected from boron carbide, boron nit- 
ride, silicon tetraboride. silicon hexaboride, titanium diboride, zirconium diboride, refractory metal borides 
of hafnium, vanadium, niobium, tantalum, chromium, molybdenum, tungsten, and mixtures thereof. 

4. The article of daim 2 or 3 wherein said carbon matrix additionally contains a filler. 

5. The article of claim 4 wherein said filler is selected from carbon, silicon carbide, silicon nitride, and mixtures 
thereof. 

6. The article as in any of the preceding claims wherein said article is coated with an inorganic material. 

7. The article of claim 6 wherein said inorganic material is selected from silicon, silicon carbide, silicon nitride, 
sDicon thboride, silicon tetraboride, silicon hexaboride. boron carbide, aluminum phosphate, an aluminum 

30 silicate, a borosflicate. and mixtures thereof. 

8. The article as in any of the preceding claims wherein said fiber is coated with a low modulus material. 

9. The article of claim 8 wherein said low modulus material is selected from carbon and boron nitride. 

10. The article as in any of the preceding claims further comprising a shaped material for structural applications 
formed by impregnating said silicon carbide containing fibers with an organic resin and staging to form a 
prepreg, shaping and curing said prepreg to form a laminate, carbonizing said shaped laminate to form a 
carbonized part and densifying said carbonized part by chemical vapor infiltration to form a component 

11. The article of claim 10 wherein said organic resin is selected from phenolic, epoxy, and furan. 



12. A process for producing a reinforced component as in claim 1 0 or 11 comprising: 

(a) impregnating a plurality of silicon carbide fibers with an oxidation inhibiting filler-containing organic 
45 resin, 

(b) staging said impregnated fibers to partially cure said resin to form a prepreg, 

(c) shaping and curing said prepreg to form a laminate, 

(d) converting said resin in the laminate to carbon to form a carbonized part, 

(e) densifying said carbonized part by chemical vapor infiltration to form the component. 



13. The process of claim 12 including the preliminary step of coating said fibers. 

14. The process of claim 12 wherein said step of densifying is carried out by carbon CVI. 

55 15. The process of claim 12 wherein said step of densifying is carried out by carbon CVI followed by silicon 
carbide CVI. 
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